Because they have long fluorescence lifetimes and their excited states have strong fluorescence emission, europium(III) and terbium(III) have extensive applications in biological medicine, especially in the fluorescence imagery cancer radiation treatment, 1 fluorescence mark, 2 and fluorescence analysis. 3 The bioactivity and magnetic performance of Schiff bases and their complexes with rare earth ions have been studied extensively. However, their fluorescence properties have rarely been studied due to their low luminescence. 4,5 So far, chemists have realized that it is essential to design appropriate ligands to optimize the luminescence properties of lanthanide ions by facilitating the well-known light conversion process, which that show to be efficient ligand-to-metal energy-transfer process (antenna effect). Recently, we designed a series of Schiff-base ligands having both selective abilities to coordinate lanthanide ions and enhancing their luminescence by providing proper conjugate absorption groups suitable for energy transfer, which could be used as a luminescent device. In the present work, we designed and synthesized a new and doubly functionalized Schiff-base ligand with a tripodal structure, (N,N′,N″-tri(3-indolemethanal)triaminotriethylamine (TTAIM)), and studied the fluorescence properties of the terbium(III) complex with the new ligand. We found that the Tb 3+ complex with TTAIM can emit intrinsic spectrum of Tb 3+ under excitation of ultraviolet light.
Introduction
Because they have long fluorescence lifetimes and their excited states have strong fluorescence emission, europium(III) and terbium(III) have extensive applications in biological medicine, especially in the fluorescence imagery cancer radiation treatment, 1 fluorescence mark, 2 and fluorescence analysis. 3 The bioactivity and magnetic performance of Schiff bases and their complexes with rare earth ions have been studied extensively. However, their fluorescence properties have rarely been studied due to their low luminescence. 4, 5 So far, chemists have realized that it is essential to design appropriate ligands to optimize the luminescence properties of lanthanide ions by facilitating the well-known light conversion process, which that show to be efficient ligand-to-metal energy-transfer process (antenna effect). Recently, we designed a series of Schiff-base ligands having both selective abilities to coordinate lanthanide ions and enhancing their luminescence by providing proper conjugate absorption groups suitable for energy transfer, which could be used as a luminescent device. In the present work, we designed and synthesized a new and doubly functionalized Schiff-base ligand with a tripodal structure, (N,N′,N″-tri(3-indolemethanal)triaminotriethylamine (TTAIM)), and studied the fluorescence properties of the terbium(III) complex with the new ligand. We found that the Tb 3+ complex with TTAIM can emit intrinsic spectrum of Tb 3+ under excitation of ultraviolet light.
Fluorescence enhancement in the field of analytical determination of rare earth elements has for a long time attracted much interest among scientists because of its lower detection limit and higher sensitivity. Phen, EDTA, TTA and TOPO etc., are currently being used as secondary ligands in fluorescence enhancement. [6] [7] [8] However, in our recent studies, it was found that NaAc could also strongly enhance the luminescence of Tb 3+ with TTAIM by about two orders of magnitude. Other reagents, such as HMTM, bipy, TBP, tris, sodium tartrate, TOPO, sodium citric acid, NH4Cl, NaH2PO4 and Na2HPO4, do not have the same effect as NaAc, and some of them even slow quenching of the fluorescence of Tb
3+
. A further investigation found that dimethyl sulfoxide (DMSO) could enhance the fluorescence intensity of the Tb-TTAIMNaAc system by about 16 fold. Although hundreds of ligands have been used in the fluorescence enhancement field for the determination of lanthanide(III) ions, with some of them achieving low limits of detection, the enhancement effects of NaAc on Schiff bases ligands, up to now, has not been reported. Thus, the phenomenon is unusual. It can be exploited for the development of a new method for the determination of Tb 3+ . The advantages of the method over well-established current ones 9 are (a) high sensitivity and selectivity, (b) rapid reaction time (< 1 min at room temperature), (c) high stability ( 2 h), and (d) simple procedures. Then, the synthesized ligand TTAIM was used to investigate the phenomenon in detail.
Experimental

Apparatus
Carbon, nitrogen and hydrogen analyses were performed using a Vario EL elemental analyzer. Infrared spectra were ) was prepared by dissolving the desired amount of Tb4O7 (obtained from the Yuelong Chemical Plant, Shanghai, China) in hot concentrated nitric acid, evaporating the solutions to near dryness and diluting to the scale with water. A TTAIM (synthesized according to the following procedure) solution (4.0 × 10 -3 mol L -1 ) was prepared by dissolving an appropriate amount of TTAIM in 2.0 mL ethanol and adding water until it was dissolved completely. Other reagents used were of analytical grade. Double-deionized water was used in all studies.
Synthesis of ligand
Compound 1 ( Fig. 1 ) was prepared according to the literature. 10 A mixture solution of the compound 1 (3.3736 g, 23.2405 mmol) and triaminotriethylamine (1.1319 g, 7.7405 mmol) in anhydrous ethanol (20 mL) was refluxed for 5 h at 60˚C, and then an orange precipitate formed. 
Results and Discussion
Spectral characteristics
The fluorescence emission spectra of the Tb-TTAIM, Tb-TTAIM-NaAc and Tb-TTAIM-NaAc-DMSO systems were obtained in solutions at a pH of about 6.0 using the RF-540 spectrofluorometer; the concentrations of Tb 3+ , TTAIM, and NaAc were fixed at 7.80 × 10 -6 mol L -1 , 1.04 × 10 -5 mol L -1 , and 1.12 × 10 -2 mol L -1 , respectively. The free ligand TTAIM showed an emission peak at 470 nm when excited at 395 nm. After Tb 3+ was introduced in the TTAIM solution, at this concentration level of Tb 3+ , only the band at 545 nm was showed very weak fluorescent signal, while the excitation wavelength changed to 330 nm (Fig. 2, curve 1) . The Tb 3+ emission at about 490 nm could not be recorded due to the high background fluorescence in the region.
When the relative fluorescence intensity of Tb-TTAIM was taken as 1.00, after NaAc was introduced to the above system, the fluorescence intensity of the mixture solution was enhanced by about 97 fold (Fig. 2, curve 2) . That is to say, the fluorescence intensity of the Tb-TTAIM system was increased by about two orders of magnitude in the presence of a sodium acetate (NaAc) solution. For the hydrate trivalent terbium ion, no emission was observed at 490 nm and 545 nm with 330 nm exciting at this concentration level of Tb 3+ . Under the same experiment conditions, no Tb 3+ fluorescence was seen for the Tb-NaAc system.
We found that when adding the organic solvent DMSO to the Tb-TTAIM-NaAc system, the intensity of Tb 3+ emission was further enhanced by about 16 fold. Figure 2 shows the emission spectra of the Tb-TTAIM-NaAc (Fig. 2, curve 3 ) systems in a DMSO solution. However, in the absence of NaAc, the intensity of the Tb-TTAIM-DMSO systems was almost the same as that of the Tb-TTAIM system. DMSO did not enhance the fluorescence of the Tb-TTAIM system in the absence of NaAc, even though they could augment the fluorescence of the Tb-TTAIM-NaAc system.
In other words, increasing fluorescence of the Tb-TTAIM system by DMSO took place only in the presence of NaAc.
The fluorescence quantum yield (Φ) of the Tb-TTAIM-NaAc system was found to be 0.207 with quinine sulfate as a reference. The UV-vis spectra of the Tb-TTAIM-NaAc system in a DMSO solution showed an absorption peak at about 317 nm, corresponding to the π-π* transition of TTAIM. Also, the molar extinction coefficient is 5.73 × 10 -4 L mol -1 cm -1 . Since energy-transfer processes in lanthanoid complexes occur via the absorption of light by the ligand, followed by intramolecular energy transfer from the ligand to the central metal ion, 11 this strong absorption offers an efficient excitation mechanism for the Tb 3+ ion.
We consider the reason that NaAc can enhance the luminescence of the Tb-TTAIM system is mainly through intramolecular energy transfer. In the above study, for the Tb-TTAIM system only high concentrations of Tb 3+ ion caused it to weakly emit the characteristic fluorescence of the Tb 3+ ion, whereas Tb-NaAc did not emit in the corresponding wavelength range. Obviously, the fluorescence enhancement towards the Tb-TTAIM solution from NaAc was due not only to the removal of inner-sphere coordinating water molecules, but also due to energy transfer from NaAc to TTAIM. If the role of NaAc is only to remove water molecules from the coordination sphere, then some synergistic reagents (phen-OP, bipy-Tween 80, and TOPO-TritonX-100, etc.) and organic solvents can also increase the fluorescence of the Tb-TTAIM solution. However, they can not. We thus think that intramolecular energy transfer plays a key role in the fluorescence enhancement. That is to say, after absorbing radiation, NaAc transfers energy to TTAIM, and subsequent energy transfer from TTAIM to the emission levels of Tb 3+ ion cause a dramatic increase in the luminescence intensity. TTAIM simultaneously serves as the energy donor and acceptor.
Optimization of the general procedure
The effect of the pH on the fluorescence intensity of the systems was studied in the range of 4.0 -8.0 by adjusting the pH with 0.4 mol L -1 HCl, or the same concentration of sodium hydroxide solution. Concentrations of Tb 3+ (7.80 × 10 -6 mol L -1 ), TTAIM (1.04 × 10 -5 mol L -1 ), NaAc (1.12 × 10 -2 mol L -1 ), and DMSO (80%) are fixed. In this system, the NaAc solution not only acts as an enhancement reagent, but also simultaneously serves as a buffer solution. The results indicate that the emission intensity remained constant in the pH range of 5.43 -6.85 for the Tb-TTAIM-NaAc system. In order to clarify whether the enhancement effect with respect to the addition of NaAc is the result of pH variations, other buffer materials, such as sodium citric acid, tris, NH4Ac, NaH2PO4, KH2PO4, and Na2HPO4, were added into the Tb-TTAIM solution. We found that they all could not increase the intensity of the Tb-TTAIM solution. Their intensity was maintained at 0.3 -0.6 in the pH range of 4.0 -8.0. A following addition of an organic solvent to the solution could not change the intensity any more. This indicated that the increasing fluorescence could not be explained by pH variations. It also further confirms the increasing phenomenon in relation to the addition NaAc. Consequently, the pH of the solution was maintained at about 6.0 by adding an appropriate amount of 0.4 mol L -1 HCl to the system in a subsequent study.
The influence of the TTAIM concentration on the fluorescence intensity was investigated. The concentrations of Tb 3+ , NaAc, and DMSO were maintained at 7.80 × 10 -6 mol L -1 , 1.12 × 10 -2 mol L -1 , and 80% (v/v), respectively. When the concentration of TTAIM was controlled to be between 8.1 × 10 -6 and 1.3 × 10 -5 mol L -1 , the system showed the strongest fluorescence intensity, and an excess of TTAIM made the complexes fluorescence quench slightly, owing to reagent selfabsorption. Therefore, 1.04 × 10 -5 mol L -1 was selected as the optimum TTAIM concentration. The experimental result indicates that the molar composition ratio of Tb 3+ and TTAIM was about 1:1 in the Tb-TTAIM complex when the system showed the strongest fluorescence, which was also verified by an element analysis of the corresponding solid complex. Figure 3 shows the influence of the amount of NaAc on the luminescence intensity. When the NaAc concentration was less than 7.8 × 10 -3 mol L -1 , the fluorescence intensity increased with the NaAc increasing concentration.
When the concentration of NaAc reached 7.8 × 10 -3 mol L -1 , the fluorescence intensity remained constant until 1.5 × 10 -2 mol L -1 , when the fluorescence intensity started to decrease. In further experiments, a 1.12 × 10 -2 mol L -1 NaAc solution was employed.
When the fluorescence intensity of the Tb-TTAIM-NaAc system reached the maximum value, the concentration of NaAc was far greater than that of the Tb 3+ ion or the TTAIM ligand. Hence, the fluorescence enhancement towards the Tb-TTAIM system from NaAc was due to not only the removal of innersphere coordinating water molecules, but also energy transfer from NaAc to TTAIM. So, the intramolecular energy transfer is a main factor in the process of enhancing the luminescence for the system. That result was also verified by a reference. 9 The fluorescence intensity decreased in the region of the excess NaAc because of the increasing ionic strength and collision number of the solute molecules. 12 The effect of organic solvents on the fluorescence intensity of Tb-TTAIM-NaAc system was tested when the concentrations of Tb 3+ , TTAIM, and NaAc were 7.80 × 10 -6 , 1.04 × 10 -5 , and 1.12 × 10 -2 mol L -1 , respectively. We found that the enhancing effect of organic solvents for the fluorescence of the Tb-TTAIMNaAc system was arranged in the order DMSO > CH3CN > DMF > CH3OH > C2H5OH > acetone > THF. The permittivity (ε) values of these solvents were 46.7 (DMSO), 37.5 (CH3CN), 37.6 (DMF), 32.6 (CH3OH), 24.3 (C2H5OH), 20.7 (acetone) and 7.0 (THF). The order of the fluorescence intensities of the system is in agreement with the ε values of these solvents. It can be guessed that the polarity is an important factor in here. After adding organic solvents (DMSO, CH3CN, DMF, CH3OH, C2H5OH, acetone and THF) to Tb-TTAIM-NaAc system, the intensity of Tb 3+ emission was enhanced by about 3 -16 fold. DMSO has the strongest enhancing effect in these organic solvents. It was thus selected as the optimum organic solvent.
The effect of the DMSO concentrations on the fluorescence intensity of the Tb-TTAIM-NaAc system was tested when the concentrations of Tb 3+ , TTAIM, NaAc were 7.80 × 10 -6 , 1.04 × 10 -5 , and 1.12 × 10 -2 mol L -1 , respectively. The results are shown in Fig. 4 . It was found from Fig. 4 that the fluorescence intensity increases with an increase in the DMSO concentration, and then tends towards a constant, reaching the maximum in the DMSO concentration range of 70 -90% (v/v). In subsequent experiments 80% DMSO was employed.
The effect of time on the fluorescence intensity was investigated. The results showed that the solutions could be allowed to stand for at least 2 h under normal laboratory conditions. The reactions occurred rapidly at room temperature (< 1 min). Hence, this assay does not require any crucial timing.
Interfering substances
Interference from foreign substance was tested by analyzing a standard solution containing Tb 3+ (7.80 × 10 -6 mol L -1 ), TTAIM (1.04 × 10 -5 mol L -1 ), NaAc (1.12 × 10 -2 mol L -1 ), and DMSO (80%), to which interfering species were added. The highest permissible molar excesses of other lanthanides, causing a ±5% relative error in the fluorescence intensity, were as follow: La 1300, Ce 1200, , and Zn 2+ had no effect on the fluorescence intensity of Tb 3+ .
Working curves
The calibration graph for the Tb-TTAIM-NaAc system in DMSO solutions for the determination of terbium(III) was constructed under the optimal condition.
Under the experimental conditions, there is a linear relationship between the fluorescence intensity and the Tb 3+ concentration in the range of 5.7 × 10 
Application of the method
The procedure was used to determine the amounts of terbium(III) in a synthetic rare earth oxide and a high-purity Y2O3 matrix. A synthetic mixture was prepared that contained Tables 1 and 2 . From the presented results, it can be concluded that the proposed procedure is sufficiently sensitive, selective, simple, and rapid for the determination of trace terbium(III) ion.
Conclusion
The fluorescence intensity of Tb 3+ complex with a new Schiffbase ligand (TTAIM) with a tripodal structure, which was derived from triaminotriethylamine and 3-indolemethanal, was enhanced by about two orders of magnitude in the presence of sodium acetate (NaAc). The optimization of the general procedure was designed. The mechanism for the fluorescence enhancement was considered. The fluorometric determination of trace amounts of Tb 3+ ion based on the phenomenon was carried out. The advantages of this method over wellestablished current ones 9 are (a) high sensitivity and selectivity, (b) a rapid reaction time (< 1 min at room temperature), (c) high stability ( 2 h), and (d) simple procedures.
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